In order to develop a nanocomposite film based on multi-walled carbon nanotubes (MWCNTs) as an electromagnetic wave shielding material, we propose a solvent-free melting process for fabricating highly dispersed MWCNT-filled polymer composite films with high electrical conductivity and electromagnetic interference (EMI)-shielding properties. By observing aggregates (particles larger than 0.7 μm) using X-ray micro-computed tomography (micro-CT), the uniform dispersion of the MWCNT fillers in the composite films was confirmed. Furthermore, the electrical conductivity and EMI shielding effectiveness (SE) values calculated using percolation and Simon's equations, respectively, were confirmed to agree with experimental data, indicating excellent MWCNT dispersion. The fabricated composites exhibited excellent electrical conductivity, EMI SE, and EMI specific SE (SSE) values of 4.33 S/cm, 30 dB, and of 24.8 dBcm 3 g À 1 , respectively, and the EMI SSE value was as good as metal levels. The proposed solvent-free process can be contributed to the commercialization of EMI SE composite films based on MWCNTs.
Introduction
Equipment malfunction due to electromagnetic waves arising from the integration of electronic devices has recently attracted significant attention in the electronics industry [1] . To overcome the problem, electromagnetic wave shielding materials are widely applied. In these materials, the main mechanisms of the EMI SE are absorption and reflection. Absorption of electromagnetic waves is caused by interaction with electrical (or magnetic) dipoles [1, 2] . Electromagnetic wave reflection is due to the interaction of incident electromagnetic waves with mobile charges, such as electrons [1] [2] [3] . Transmitted electromagnetic waves can undergo multiple reflections that are repeatedly absorbed or reflected on the surfaces of the shielding material [1] [2] [3] . EMI SE is affected by various physical properties of the shielding material, such as dielectric permittivity, magnetic permeability and electrical conductivity [2, 3] . To develop a high-performance EMI shielding material, many studies [3] [4] [5] have been performed on high electrical conductivity. In general, metals such as copper and aluminum are selected as EMI shielding materials [4, 5] . Meanwhile, because the development of light-weight EMI shielding materials is desirable, various studies [4] [5] [6] [7] on polymer-based EMI SE materials have been performed to achieve an excellent EMI SSE.
Polymers have advantages in terms of SSE due to their low density, but are unsuitable for use as shielding materials because of their low electrical conductivity [8] [9] [10] [11] [12] . The electrical conductivity of polymers can be improved by incorporating carbon nanotube (CNT), a nanomaterial known to have a large aspect ratio and excellent electrical conductivity [13] [14] [15] [16] [17] [18] [19] . The electrical conductivity of nanocomposites incorporating CNTs is known to be influenced by the shape, size and dispersion of the filler [18] [19] [20] [21] [22] [23] [24] . In particular, the filler dispersion is a main determinant of electrical properties based on the electron tunnel effect and percolation theory [25] [26] [27] [28] . Many studies [29] [30] [31] [32] have been performed to enhance the CNT dispersion chemically and physically. Despite various strategies [31] [32] [33] [34] [35] have been developed to inhibit the aggregation of CNTs, such as surfactant dispersion, chemical treatment of CNTs, and polymer wrapping, they are difficult to apply in the composite industry because of the high process cost and low productivity.
Methods for enhancing the dispersion of nanocarbon filler using in situ polymerizable resins, such as ϵ-caprolactam and cyclic butylene terephthalate (CBT), have been reported due to promote an easy and rapid manufacturing process and low process cost [36] [37] [38] [39] [40] [41] . Resins composed of monomers or oligomers exhibiting a low melt viscosity enhance the CNT dispersion and induce polymer wrapping by in situ polymerization [38, 42, 43] . In this study, the fabrication of an EMI SE film incorporating MWCNT using an in situ polymerizable cyclic oligoester was proposed, and the electrical properties and EMI SE of the fabricated composite were evaluated based on theoretical calculations.
Experimental

Materials
MWCNT (Jenotube 8, JEIO, Incheon, Korea) was used as a filler to improve the electrical conductivity of the composite films. The filler used was a one-dimensional carbon allotrope with bundle length and single strand diameter of 100-200 μm and 7-10 nm, respectively. The defect level (ID/IG) of MWCNT (details in Supplementary material) was 1.34 as shown in Fig. S1 . CBT (CBT 160, Cyclics® Co., Schenectady, NY, USA) was used as the matrix of the composite films. CBT is a cyclic oligomer composed of 2-7 butyl monomers with low molecular weight (M w ) of (220) n (n ¼ 2-7) g/mol [44] . CBT exhibited melt and flow characteristics at 130-150 � C. When heated above 160 � C, it was polymerized to poly (butylene terephthalate) (pCBT) by the contained catalyst (butyltin chloride dihydroxide, FASCAT 4101, Arkema GmbH, Düsseldorf, Germany) of 3 mol‰. The mechanism of ring-opening polymerization of CBT has been widely investigated and reported as shown in Fig. S2 [45] .
Composite fabrication
The raw materials were dried at 80 � C for 12 h to remove moisture before composite fabrication. To achieve good MWCNT dispersion, the milled CBT and MWCNTs were weighed out at the target ratio, and then mixed using a mixing machine (ARE 310, Thinky Corp., Tokyo, Japan) at 2000 rpm for 3 min, as shown in Fig. 1 and supplementary video. The mixture was heated using a hot press (D3P-20J, Dae Heung Science, Incheon, Korea) under 300 psi at 230 � C for 20 min. The composition and thickness of the fabricated composites are summarized in Table 1 .
Supplementary video related to this article can be found at https:// doi.org/10.1016/j.polymer.2019.122030.
Characterization
Crystalline structure
Wide-angle X-ray diffraction (WAXD) measurements were performed using an X-ray diffractometer (PANalytical X'Pert Pro, Malvern Panalytical Ltd., Royston, UK) equipped with a Giono-meter PW3050/ 60 working with Cu K alpha radiation (1.54 Å). The diffraction intensity was recorded by continuous scanning at a rate of 0.02 deg/s over a range of 10 < 2 θ < 60 deg (θ ¼ Bragg angle).
Thermal behavior
Thermal behaviors of CBT, pCBT and the fabricated composites were measured using differential scanning calorimetry (DSC, Q20, TA Instrument, DE, USA) with nitrogen. The fabricated composites were heated from 50 to 250 � C at a rate of 10 � C/min and maintained at 250 � C for 5 min. The samples were subsequently cooled to 50 � C at a rate of 10 � C/min. DSC analysis was performed by repeating the above cycle twice. Crystallization temperature (T c1 , T c2 ), crystallization enthalpy (ΔH c1 , ΔH c2 ), melt temperature (T m1 , T m2 ) and melt enthalpy (ΔH m1 , ΔH m2 ) obtained in the 1st and 2nd cycles of each sample are listed in Table 2 . The degree of crystallinity (X c ) was calculated by the following equation [46] .
where ΔH 0 m is the melt enthalpy of ideal crystalline structure of pCBT (85.75 J/g [47] ), and b is the filler content of composite film.
Morphology
The diameter and bundle length of the MWCNT, and the fracture surface of the composite film were observed using a field emission scanning electron microscope (FE-SEM, Nova NanoSEM 450, FEI Co., Hillsboro, OR, USA). The fabricated composites were fractured after freezing in liquid nitrogen. The fractured surfaces of composites were coated with platinum under vacuum using a sputtering coating machine (Ion Sputter EÀ 1030, Hitachi High Technologies Co., Tokyo, Japan) for Fig. 1 . Schematic of one-step solvent-free process using particle mixing and in situ polymerization for fabrication of EMI SE composite film incorporating uniformly dispersed MWCNTs. 120 s. The coated specimens were observed under a nitrogen vacuum at a current of 10 kV. The three-dimensional (3D) internal structure of the prepared composite film was observed using micro-computed tomography (micro-CT, Skyscan 1172, Bruker Co., Billerica, MA, USA) with a resolution of 0.7 μm.
Electrical conductivity
The electrical conductivity of the fabricated composite films was measured using the four-probe method according to ASTM D 257 (FPP-RS8, DASOL ENG, Cheongju, Korea) and an ultrahigh resistance meter (SM-8220, HIOKI E. E. Corporation, Nagano, Japan) under ambient conditions.
EMI SE
The EMI SE was measured at room temperature in the frequency range of 100 kHzÀ 3 GHz using a WILTRON 54169A scalar measurement system (Anritsu, Pine Brook, NJ, USA) according to ASTM D4935-10.
Theoretical approaches
The electrical conductivity and EMI SE values of the fabricated composites were compared with the theoretical values derived using the percolation equation and Simon's equation, respectively [48] [49] [50] [51] .
Percolation equation
A common feature of all percolation systems is that the conductive component is randomly distributed and intergranular resistances are randomly present between the conductive particles or regions. Based on the randomly dispersed conductive components, the general percolation behavior depends on the critical volume fraction (ϕ c ) and the percolation exponent (s and v), which are affected by the uniformity of the polymer thickness on the conductive filler surface. By applying the critical exponents to the Bruggeman symmetric media equation, the normalized standard percolation result is expressed [52] . The electrical conductivity of the polymer composite incorporated with MWCNT can generally be described as [52] :
where σ c , σ m , and σ f are the electrical conductivity of the composite, matrix and filler, respectively. In addition, ϕ f and ϕ c denote the volume fraction of filler and percolation threshold (the onset of the transition, vol%). Superscripts of s and v signify the universal exponent and the universal critical exponent that is depending on the uniformity of the polymer thickness on the MWCNT surface. In the present study, we adopted the material properties in accordance with [53, 54] as: σ m ¼ 1:39 ⋅ 10 À 13 S/cm, σ f ¼ 1⋅ 10 2 S/cm [53] , and ϕ c ¼ 0:62 vol% [54] (density of MWCNT ¼ 2.1 g/cm 3 [28] , density of pCBT ¼ 1.3 g/cm 3 [55] ). The model parameters were fixed as s ¼ 1 and v ¼ 1:02 in this study.
Simon's equation
Simon's equation is a useful method for evaluating the EMI SE values of polymer matrix-based composites [50] . The total shielding effect (SE total ) is determined by absorption (A), reflection (R) and multiple reflection (B) (SE total ¼ SE A þ SE R þ SE B ). The main factors affecting EMI SE are electromagnetic wave frequency, material size, and electrical conductivity. In particular, electrical conductivity is known to be an important factor because it can enhance the reflection effect of the EMI SE mechanism due to the interaction between mobile charge carriers (holes or electrons) and the electromagnetic field. Assuming multiple reflections (B) are ignored, the EMI SE of composites incorporating a conductive filler is expressed by the following equation [50] . 
Results and discussion
It is necessary to check whether the CBT molecules are well converted to pCBT in the composite film because the ring-opening polymerization of CBT molecules can be inhibited by the MWCNTs. The Fourier transform infrared (FT-IR) spectra of the fabricated composites are shown in the Fig. S3 (details in Supplementary material). Characteristic peaks were observed around 1714 cm À 1 (C--O), 1118 cm À 1 (C-O aliphatic end) and 1103 cm À 1 (C-O aromatic end) due to ester group of CBT, pCBT and the prepared composites [56] . However, since the same functional group was shown before and after the ring-opening polymerization of CBT, it was difficult to determine whether the matrix was polymerized due to the slight differences in the peaks [43] . WAXD patterns of CBT, pCBT, and pCBT/MWCNT are shown in Fig. 2a . The crystalline peaks observed for the CBT resin showed that the CBT resin was composed of crystalline oligoesters of 2-7 monomers. (010), (100) and (11‾1) crystalline peaks that were absent in the WAXD pattern of CBT were identified in the WAXD pattern of pCBT, indicating that the CBT molecules have been well converted to pCBT polymers [57] [58] [59] [60] . In the WAXD pattern of the pCBT/MWCNT composite films, those peaks were also clear observed. From the similar WAXD patterns of pCBT and the composites incorporating MWCNT of 3 and 7 wt%, the interference effect of MWCNTs on the polymerization of CBT can be neglected. DSC analysis is another method for determining the polymerization of CBT resin [47, 58] . The thermal behavior of the prepared CBT, pCBT and pCBT/MWCNT was measured using DSC as shown in Fig. 2b-d and Table 2 . In the 1st heating cycle of CBT (Fig. 2b) , an endothermic peak was observed at 130-150 � C due to the melting of CBT [47, 58] . An exothermic peak was found at about 185.92 � C due to the crystallization of the pCBT melt during the 1st cooling cycle of CBT. In the 2nd heating cycle, no endothermic peak was observed in the temperature range of 130-150 � C because the CBT oligomer was polymerized in situ to pCBT during the 1st heating [47, 58] . Therefore, the second DSC curve of CBT was similar to the DSC curve of pCBT (Fig. 2c) [58] . In the 1st and 2nd heating cycles of pCBT, endothermic peaks due to melting of pCBT were observed at about 225 � C. The observed double melting behavior may be due to melting and recrystallization of the incomplete crystalline structure of pCBT [47, 58] . In the 1st and 2nd cooling cycles, an exothermic peak corresponding to the crystallization of the molten pCBT appeared at about 188.10 � C [61]. An exothermic peak was observed at about 197.79 � C in the cooling curve of the pCBT/MWCNT composite (Fig. 2d) , which was relatively higher than that of pCBT. It has already been reported that MWCNT acted as a nucleating agent that promotes crystallization [61] . Except for the melt enthalpy of CBT (73.61 J/g) in the 1st heating cycle as shown in Table 2 , the melt and crystallization enthalpy obtained from CBT, pCBT and the fabricated composites were determined in the range of 53.52-55.51 J/g and 48.78-52.91 J/g, respectively. Compared to those of CBT and pCBT, degree of crystallinity (X c ) of pCBT/MWCNT 7 wt% sample were increased about 4% due to the incorporation of fillers [62] . Therefore, the results of WAXD and DSC confirmed that the CBT oligomers in the composites were polymerized to the pCBT polymers during the composite fabrication.
The FE-SEM images of the single strand diameter, bundle length of the MWCNT and the fracture surface of the pCBT/MWCNT composite film according to the filler weight fraction produced by the proposed process are shown in Fig. 3a-d . A uniform dispersion was observed at the fracture surface of the composite incorporating 7 wt% or less MWCNT. Analysis by FE-SEM was limited due to the two-dimensional and local observations [36, 63, 64] . Filler aggregates of size 700 nm or larger inside the large area (~50 mm 3 ) of MWCNT composites can be analyzed by micro-CT. Non-destructive and 3D analysis of the samples was performed using micro-CT as shown in Fig. 3e and f. Filler aggregation was rarely observed in the composite fabricated using the proposed process. Therefore, MWCNTs were uniformly dispersed by the one-step solvent-free process.
The electrical conductivity of the composite film fabricated by the proposed process according to the weight fraction of MWCNT is shown in Fig. 4 . Due to the high aspect ratio and excellent electrical conductivity (>10 2 S/cm) of the MWCNT, an efficient conductive network was formed inside the composite, and percolation behavior appeared before the MWCNT content was 1 wt%. The composite incorporating 7 wt% MWCNT exhibited enhanced electrical conductivity (4.33 S/cm) by 13 orders of magnitude on the logarithmic scale compared to the electrical conductivity of pCBT (1.39� 10 À 13 S/cm). In addition, the measured electrical conductivity was confirmed to be almost the same as the electrical conductivity calculated based on the percolation equation. This meant that the measured electrical conductivities of the composites approached the theoretical values obtained by the percolation equation due to the uniform dispersion of the MWCNTs confirmed above. Comparisons of filler content and electrical conductivity of MWCNT filled composites prepared by melt mixing process are shown in Supplementary material (Fig. S4) .
EMI SE is known to be proportional to the electrical conductivity of conductive materials due to the reflection mechanism of electromagnetic waves [1, 2] . The composite film fabricated by the proposed process exhibited an EMI SE value of 3 dB at 1 wt% MWCNT incorporation and increased to 30 dB at 7 wt% MWCNT, as shown in Fig. 5 . The minimum value calculated using Simon's equation according to electromagnetic wave frequency was similar to the experimental value. Furthermore, the EMI SE of the prepared samples was in agreement with the value calculated according to the MWCNT content. These results implied that the value of the composite material approached the expected value based on the volume resistivity (the inverse value of the electrical conductivity). As a result, the electrical conductivity and EMI SE values of the pCBT/MWCNT composite films fabricated using the proposed process were improved with increasing filler content, and were close to predictions by the percolation and Simon 's equation based on filler dispersion. Metals such as copper, aluminum, and stainless steel are typical materials used for EMI SE [6] . Although they exhibit excellent EMI SE due to high electrical conductivity, it is difficult to apply metals as light-weight materials because of their high density. Therefore, it is necessary to consider the SSE value which associates the density of the material with the EMI SE. The SSE of the prepared pCBT/MWCNT composite film incorporating a filler content of 7 wt% was 24.8 dBcm 3 g À 1 , which is much higher than the EMI SSE values of 10 and 11 dBcm 3 g À 1 reported by Shui et al. for bulk copper and stainless steel, respectively [7] . It was also confirmed that the EMI SE value of the film manufactured by the proposed process was higher than that of aluminum foil (24.4 dBcm À 3 g À 1 ) reported by Shahzad et al. [51] . Consequently, the fabricated film can be applied to the EMI SE light-weight material industry instead of metals.
Conclusion
The fabrication of a composite film incorporating uniformly dispersed MWCNT using a one-step and solvent-free melt process was proposed. Based on non-destructive 3D analysis using micro-CT, it was observed that the composites fabricated by the proposed process showed excellent MWCNT dispersion. The electrical conductivity and EMI values of the fabricated composites were compared with the values calculated using percolation and Simon's equations, respectively. The agreement between the measured and calculated values confirmed that the proposed process induced excellent dispersion of the nanocarbon filler in the fabricated composites. In addition, the SSE value of the fabricated EMI SE film was higher than those of some typical metals, indicating that it can be applied as a light-weight material in the EMI SE industry. In conclusion, the one-step process capable of uniformly dispersing the nanocarbon filler without solvents can contribute to the commercialization of excellent electrical conductivity and EMI SE composite film. 
